. Comparative analysis of the major constituents in three related polygonaceous medicinal plants using pressurized liquid extraction and HPLC-ESI/MS. Analytical Methods, 8 (7) The overall procedure is highly precise and accurate which is considered suitable for qualitative and quantitative analysis of a large number of samples.
Introduction
Polygonaceous herbs play an important role in various traditional medical systems, and roots of
Rheum officinale Baill. (RO), Polygonum multiflorum Thunb. (PM) as well as Polygonum reynoutria
Makino. (PR) are three of them. RO is one of the most commonly used traditional laxative drugs in Europe and Asia, which officially listed in the British pharmacopoeia, 1 European pharmacopoeia, 2 Chinese pharmacopoeia 3 and Japanese pharmacopoeia. 4 The demand for RO is still increasing and it is obtained mainly from China. 5 PM and PR, which are well known herbs in Asia and also listed in the Chinese pharmacopoeia, 3 were included in our investigations owing to their therapeutic purpose which is partly identical to that of RO in folk medicines. [6] [7] [8] [9] [10] Although these related medicinal plants from the same family or genus have been used for similar therapeutic purpose in various traditional medicines, the qualitative and quantitative differences of these related plants regarding chemical composition are usually unknown thereby limiting further pharmacological research and quality evaluation.
A number of studies have been performed on the analyses of the constituents in these medicinal plants by using colorimetry, 1, 2 high performance liquid chromatography (HPLC), 3, 4, 11-13 liquid chromatography-mass spectrometry (LC-MS) 12, 14 and capillary electrophoresis (CE), 15 respectively. However, the existing studies mainly focus on the quantitative analysis of a single herb or on qualitative analysis of various herbs. 3, 4, [12] [13] [14] To date, quantitative analysis of various herbs simultaneously by a single method has not been successful, and systematic comparison of the chemical composition in these herbs is seldom reported. Additionally, it is widely accepted that multiple constituents are responsible for the therapeutic effects of herbal products, and the current quality assessment based on a few marker compounds cannot accurately reflect the quality of these herbal products. 16, 17 Therefore, to compare the chemical composition of these three polygonaceous herbs and to find out the key characteristic components for the quality evaluation, the necessity for a quantitative comparison based on chemical identification of the main constituents is urgent.
The present study describes the development of a highly precise and accurate method for comparison of the main chemical constituents in RO, PM as well as PR herbs by using pressurized liquid extraction (PLE) and HPLC-ESI/MS techniques. The results revealed that stilbenes and anthraquinones are the main constituents in these polygonaceous herbs, and that the abundance of the main constituents varied between and within the species. The results also showed that chrysophanol, 2,3,5,4'-tetrahydroxystilbene-2-O-β-D-glucoside and piceid are the key characteristic components in RO, PM and PR, respectively. Therefore, these characteristic components should be chosen as the analytical markers for the quality evaluation as well as chemical authentication of these related herbs.
Experimental

Chemicals, reagents and materials
Acetonitrile of HPLC grade was from Lab-scan (Bangkok, Thailand), methanol and the other reagents were of analytical grade and were purchased from Lab-scan (Bangkok, Thailand). Water was purified using a Milli-Q water system (Millipore, Bedford, MA, USA). Piceid, 2,3,5,4'-tetrahydroxystilbene-2-O-β-D-glucoside, rhaponticoside, resveratrol, aloe-emodin, emodin, rhein, chrysophanol and physcion were purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). Emodin-8-O-β-D-glucoside and physicoin-8-O-β-D-glucoside were isolated from Rheum officinale Baill. in our laboratory and their identities were confirmed by the comparison of their respective NMR and mass spectra with the published data. 18, 19 The purity of these chemical standards was determined to be more than 98% by normalization of the peak areas detected by high performance liquid chromatography-diode array detector (HPLC-DAD). Their chemical structures are shown in Fig. 1 .
The identity and sample source of the test samples are listed in 
HPLC-DAD and LC-MS analysis
An Agilent 1100 series HPLC-DAD system consisting of a vacuum degasser, binary pump, autosampler, thermostated column compartment and DAD (Hewlett Packard, Palo Alto, CA USA) was used for quantitative analysis and UV spectra acquisition. UV detector was set to 290 nm. 
Validation of the present method and quantification of the main constituents
Calibration curves were established for each standard compound at different concentrations (1-1000 mg L -1 in methanol). Reproducibility was evaluated in intra-and inter-day assays. Chemical standards with 50, 100 and 200% of the quantified levels of constituents were prepared and used with the samples for recovery studies. All herb samples collected in various regions were compared quantitatively using the present method.
Results and discussion
Optimization of pressurized liquid extraction (PLE) conditions
Pressurized liquid extraction (PLE) is a fully automated system, requiring far smaller quantities of solvent than traditional methods for the extraction of the test compounds from solid matrices. [20] [21] [22] Regarding extraction of herb samples, methanol and ethanol were evaluated as extraction solvents.
The results demonstrated that the methanol extraction efficacy was higher than ethanol extraction efficacy in the PLE experiments, which might be related to low viscosity and high permeability of methanol. Therefore, methanol was used as the solvent for sample extraction and for preparation of the standard solutions. The extraction procedure, including extraction temperature (100, 120, 150 o C), pressure (1200, 1500, 1800 psi), time (10, 15, 20 min) and flush volume (30, 45, 60 %), was Table S1 and S2 of the Electronic Supplementary Information).
Optimization of HPLC conditions
By comparing the HPLC chromatograms of the herbs recorded at different wavelengths from 210 to 500 nm and the corresponding UV absorption maximum for each chemical standard, it was found that a wavelength of 290 nm could represent the profile of the main constituents. The UV absorption maximum for each identified compound is listed in Table 2 Insert Table 2 and Fig. 2 . here
Calibration curves, limits of detection and quantification
Methanol stock solutions contain eight analytes were diluted to appropriate concentration for the construction of calibration curves (1-1000 mg L -1 in methanol). Six concentrations of the analyte solution were analyzed in triplicate, and then the calibration curves were constructed by plotting the peak areas versus the concentration of each analyte. The limits of detection (LOD) and quantification (LOQ) under the present chromatographic conditions were determined at a signal-to-noise ratio (S/N) of about 3 and 10, respectively. The results are shown in Table 3 .
Insert Table 3 here
Precision and accuracy
Intra-and inter-day variations were chosen to determine the precision of the present method. For intra-day variability test, the respective herb samples were analyzed for three replicates within one day; while for inter-day variability test, the solutions were analyzed for inconsecutive three days.
Variations were expressed by the relative standard deviations (RSD) for intra-and inter-day, which were less than 1.83% and 2.12%, respectively (see Table 4 ).
Chemical standards with 50, 100 and 200% of the quantified level of constituents were prepared and used with the samples for recovery. The recoveries of eight analytical markers were calculated, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 and the results demonstrated that the overall analytical procedure is reproducible and accurate and is therefore suitable for high throughput analysis of a large number of samples (see Table 5 ).
Insert Table 4 and Table 5 here
LC-MS analysis of fourteen characteristic components in the herbs
The positive ion mode was found to be more sensitive in the present method, and most of the constituents exhibited their quasi-molecular ions (M+H) + and (M+Na) + in this mode. Based on the comparison with standard compounds, eleven peaks were unambiguously identified as piceid (1) data. 18, [23] [24] [25] [26] The results are listed in Table 2 and the structures of the identified compounds are shown in Fig. 1 . From the analysis results, it is obvious that the major types of constituents in these polygonaceous herbs are stilbenes and anthraquinones. Moreover, the results also demonstrated that compounds of similar chemical type exist in plants of the same family or genus.
Quantification of eight characteristic components in the herbs
The PR, PM and RO samples collected from various regions were determined with the present method, and the results are listed in Table 1 . From Table 1 , it is observed that compounds of the same chemical types (stilbenes and anthraquinones) make up the main constituents of PR, PM and RO herbs, but the difference of stilbenes in the three herbs is more significant than that of anthraquinones. Piceid exists in PR, which has been prescribed for the treatment of cardiovascular diseases; 2,3,5,4'-tetrahydroxystilbene-2-O-β-D-glucoside is dominant in PM, which is effective for anti-aging and anti-atherosclerotic, reducing brain pathologic atrophy and promoting learning and memory ability. Thus, PR and PM have been additionally employed as hypolipidemic and tonic, especially against hyperlipidemia and amnesia in Chinese and Japanese folk medicines. 6, 8, [27] [28] [29] [30] Although the abundance of rhaponticoside is higher in RO, anthraquinone derivates as laxative components in RO are more potent. Therefore, RO has been mainly used as a botanical source of rhubarb to prescribe for the treatment of constipation.
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From Table 1 The above results also demonstrated that piceid, 2,3,5,4'-tetrahydroxystilbene-2-O-β-Dglucoside, and chrysophanol are the key characteristic components in PR, PM and RO, respectively.
Therefore, these characteristic components could be chosen as the analytical markers for the quality evaluation and chemical authentication of the three related polygonaceous herbs.
Conclusions
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Preparation of spiked samples for optimization of PLE conditions Spiked samples were prepared by adding appropriate amounts of eight standards solutions to dry blank dregs, and the final contents of the standards in the spiked samples were: piceid, 5 mg/g; 2,3,5,4'-tetrahydroxystilbene-2-O-β-D-glucoside, 15 mg/g; rhaponticoside, 10 mg/g; emodin-8-glucoside, 3 mg/g; physcion-8-glucoside, 1 mg/g; emodin, 0.5 mg/g; chrysophanol, 2 mg/g; physcion, 2 mg/g. After drying, the spiked samples (0.2 g) was mixed with diatomaceous earth (0.5 g) and placed into 11-mL stainless steel extraction cell, respectively. Extraction of the spiked samples according to the orthogonal test L 9 (3 4 ) ( Table S1 ). The extract was transferred into a 25-mL volumetric flask, which was filled up to the calibration mark with methanol. The test solution was determined with the present HPLC method, and the total determined amount of the spiked standards was calculated using the calibration curves in Table 3 . The recovery=100*(total amount of the determined standards/ total amount of the spiked standards). From the results in Table S2, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Table S1 Factors and levels 20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
